A simple, broadly applicable theory is developed to describe resonant vibrational coupling between adsorbates and a substrate lattice. This is one of the principal mechanisms governing the relaxation of adsorbate vibrations. This theory can be applied to widely varying surface coverages and arbitrary overlayer structures, and it correctly incorporates collective adsorbate motion, which has been shown to have a critical impact on the relaxation dynamics. Vibrational lifetimes predicted by this theory are in excellent quantitative agreement with experiments on adsorbate systems ranging from a diffuse, disordered overlayer to a dense, periodic overlayer. [S0031-9007(98)08012-0] PACS numbers: 82.20. Rp, 68.35.Ja, 68.45.Kg, 82.65.My A key factor in many surface chemical phenomena is the existence of low-energy molecular vibrations associated with fluctuations about the adsorption bond. These modes involve relative motion between the adsorbate molecule and substrate, and thus act as vibrational precursors to surface reactions, diffusion, and desorption [1] . Indeed, the systematic study of these modes through inelastic spectroscopic techniques has become the chief tool for characterizing the potential energy surface encountered by atoms and molecules in heterogeneous catalysis, epitaxial growth, and other complex surface phenomena [2] .
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These low-energy excitations of the adlayer are not isolated from their surroundings; they can exchange energy and momentum with various propagating substrate excitations. At the surface of a metal, for example, the relevant bulk modes include propagating elastic waves, electronhole pair excitations, and various collective modes arising from electron-electron and electron-phonon interactions. These bulk excitations provide decay channels which govern the lifetimes of the adsorbate vibrational modes and, thus, play a critical role in determining the surface dynamics and reactivity [3, 4] .
In this Letter, we develop a general theory for the relaxation dynamics of low-frequency adsorbate vibrations due to resonant coupling to substrate elastic waves [5] [6] [7] [8] [9] . This theory applies to adsorbate modes with frequencies in the acoustic range of the substrate phonon spectrum, and is relevant, for example, to the in-plane frustrated translation (FT) of adsorbates on metal surfaces. Two recent experiments examined the FT relaxation dynamics of carbon monoxide molecules on the Cu(100) surface under very different conditions of coverage. One considered an ordered half monolayer and measured a lifetime of 2.3 6 0.4 ps [10] , whereas the other considered a disordered adlayer at 3% coverage and found an 8 6 1 ps lifetime [11] . Our theory shows conclusively that the vibrational relaxation is governed by bulk elastic coupling, even for these widely varying adlayer conditions. This conclusion contrasts with the results of an earlier theory due to Persson and Ryberg (PR) [6] . They also considered relaxation via phonon emission, but focused on the case of an isolated adsorbate. Since direct adsorbateadsorbate interactions are weak for all but the densest coverages, this case was presumed applicable for most experimental conditions. Their model gives a dampingrate law that varies with the vibrational frequency as v 4 . However, when applied to various experimental systems [e.g., the CO on Cu(100) systems described above], the PR model predicts damping rates that are much smaller than the measured values. Furthermore, the PR model has no explicit coverage dependence; coverage enters the damping-rate law only implicitly through its effect on the resonance frequency. However, the two experimental coverages of CO on Cu(100) exhibit the same FT resonance frequency but have different FT lifetimes.
Our theory is developed for a completely arbitrary overlayer structure and, thus, incorporates the effects of lateral coherent motion within the adlayer. These collective effects arise from indirect adsorbate-adsorbate interactions mediated by the substrate phonons. Since the adsorbate modes of interest oscillate at the longwavelength end of the substrate phonon spectrum, the range of the indirect, phonon-mediated interaction is quite large, and thus collective adsorbate motion is important even for rather dilute overlayers.
The theory presented here is a generalization of our recent work [12] on ordered overlayers. We found that the FT vibrational relaxation for the ordered half monolayer of CO on Cu(100) is accurately described by resonant elastic coupling only when the collective effects are properly included. For long-wavelength surface excitations (relevant to the experiments), collective motion of the adsorbate lattice plays a crucial role in the adsorbate dynamics, changing both the accessible phase space of the substrate decay channels and the strength of the coupling. This effect was also described in the context of noble-gas atoms physisorbed on silver [7] and graphite [9] surfaces. Our previous work also demonstrated how the results cross over to the dilute (i.e., isolated-adsorbate) limit as coverage is decreased. We found that, for a hypothetical series of ordered CO͞Cu overlayer structures with varying coverage, only coverages well below a critical value (u ø u c ഠ 1%) are properly described by the PR theory of an isolated adsorbate. For all higher coverages, collective effects dominate the dynamics.
In this paper, we extend our previous theory to a form which describes an arbitrary adlayer structure, to include the possibilities of disorder, vacancies, coadsorption, etc. We then apply this theory to three structural models: an isolated adsorbate, an ordered overlayer (at coverage above u c ), and an uncorrelated, disordered overlayer. The first model shows that our theory includes the PR result as a special case. The latter two models are appropriate for making comparisons to the experimental work on CO on Cu(100), Refs. [10] and [11] , respectively. These models provide remarkably simple expressions for the decay rate that predict lifetimes in excellent agreement with the experiments. Thus, one theory provides a unified, simple, and accurate description of the low-frequency vibrational dynamics for a wide range of adsorbate configurations.
We consider a semi-infinite, classical, anisotropic elastic medium with elastic modulus tensor C ijkl and density r. Although previous theories [6, 12] considered the case of an isotropic substrate medium, we find that anisotropic effects can be quantitatively important. The medium occupies the half space z , 0, terminated on the xy plane, and is described by a displacement field u͑x, t͒. (We denote three-dimensional vectors in boldface and twodimensional vectors in the xy plane by arrows.) The adlayer consists of a collection of point masses m coupled to the elastic surface at sites ͕ R a ͖ by harmonic springs of frequency v 0 . This model is an appropriate description for a low-frequency adsorbate mode, such as the FT, where v 0 lies within the acoustic part of the substrate phonon spectrum.
We now suppose that an x-polarized external force, f͑ R a , v͒e ivt , drives the adsorbate overlayer at frequency v. This leads to x-polarized adsorbate motion, represented here by the instantaneous displacement pattern s͑ R a , t͒. The coupled equations of motion for the elastic substrate [13] and the adlayer are given in the frequency domain by ∑
with stress-free boundary conditions ͓d jz C ijkl ≠ l 3 u k ͑v, x͔͒ z0 0, where summation over repeated Cartesian indices is assumed, and the symbol ≠ i denotes the partial derivative with respect to the ith Cartesian coordinate. Equation (1) describes the motion of the elastic substrate, driven by the x-polarized oscillations of the adsorbates; Eq. (2) describes the motion of the adsorbates, coupled to the substrate and driven by the external force. The theory consists of integrating out the dynamics of u͑x, t͒ from Eqs. (1) and (2) to obtain an effective theory for the adsorbate dynamics. The result is expressed [14] as an adsorbate response function, x͑
where 
where N is the total number of adsorbates and ͗· · ·͘ denotes the ensemble average for disordered structures. Im x͑ q, v͒ gives the measured absorption spectrum. When the damping rate is small, we can evaluate T ͑ q, v͒ R͑ q, v͒ 1 iI͑ q, v͒ at v v 0 , which gives a shifted frequencyv 0 and damping rate g:
(7) Equations (3)-(7) provide a general theory for the lowfrequency vibrational dynamics for an adsorbed overlayer of arbitrary structure described by the structure factor S͑ k͒. We now explicitly evaluate these expressions to study g for three specific structural models of the adsorbate overlayer: (a) An isolated adsorbate, (b) a periodic adlayer, and (c) a disordered adlayer. These three systems are illustrated in Fig. 1 , along with schematic representations of their corresponding structure factors.
(a) Isolated adsorbate.-Here S͑ k͒ 1, and the integral on the right-hand side of Eq. (4) sums over all the modes of the substrate (and is independent of the adsorbate). This reduces to the theory of PR, who showed that the imaginary part of the integral is proportional to v. For an anisotropic substrate, the integral is a 1 ibv, where a and b depend on the elastic constants and must be determined numerically. [ 
which generalizes the result of PR [6] to an anisotropic elastic medium. tor can contribute to the imaginary (i.e., damping) part of
where c xz is the speed of an x-polarized acoustic wave propagating in the z direction. Equation (9) generalizes our previous result [12] to an anisotropic medium. The inequality v 0 , c R j G 1 j, which defines the regime in which Eq. (9) To test the validity of Eq. (9), we apply our model to the experimental system of Ref. [10] : an ordered half monolayer of carbon monoxide on the Cu(100) surface. In this experiment, the metal substrate is pumped by a visible or ultraviolet picosecond laser pulse. Frustrated translations are excited indirectly via coupling to the heated substrate. If this process is dominated by resonant vibrational coupling, then only FT modes near q 0 are excited, since the FT band lies below the bulk phonon continuum at larger wave vectors [7] . From the published phonon dispersion relations for bulk copper [17] and the FT mode of half monolayer CO on Cu(100) [18] , we estimate that the FT band overlaps the bulk continuum only in a small region around q 0 covering less than 10% of the Cu(100) surface Brillouin zone. Within this region, the FT bandwidth is only about 10% of the zone-center FT frequency. Based on this analysis, it is reasonable to compute the FT lifetime setting q 0. Using experimental parameter values, we find u c 1% for this system. Since adsorbates only order at coverages much larger than this value, Eq. (9) will be valid for all periodic overlayers. Equation (9) predicts the lifetime (t 1͞g) of the in-plane FT for this system to be 2.1 ps, where experimental values of the various parameters (e.g., hv 0 4 meV [18] ) have been used. This theoretical lifetime is in excellent quantitative agreement with the experimental value of 2.3 6 0.4 ps. By contrast, Eq. (8) predicts t 13.4 ps, which is much longer than the experimental lifetime.
(c) Disordered adlayer.-For a random array of adsorbates, we write the structure factor S͑ k͒ in terms of the pair correlation function g͑ r͒ [14] :
For g͑ r͒, we assume an uncorrelated lattice gas: g͑ r͒ A 0 P R d͑ r 2 R͒, where ͕ R͖ are the lattice sites of the bare surface. This is a reasonable model for low density coverage. Inserting this model for S͑ k͒ into Eq. (4) gives a simple damping-rate formula:
The first term in Eq. (11) is the damping rate for an isolated adsorbate, and gives the full damping rate in the limit u ! 0. The second term is proportional to the coverage, and depends on the lateral phase coherence of the adsorbate motion. This term has the same algebraic form as the damping-rate law of Eq. (9) for an ordered overlayer.
We can test the validity of Eq. (11) for describing a random distribution of adsorbates by revisiting the system of CO on Cu(100). A recent He-atom scattering experiment by Graham et al. [11] on a u 3% disordered overlayer of CO on Cu(100) measured an 8 6 1 ps lifetime for the in-plane FT mode. Our model in Eq. (11) predicts the FT lifetime for this system to be 9.7 ps, in very good agreement with the experiment, especially considering the rather simple model of disorder.
It is interesting to note that FT vibrations in an ordered overlayer at the same coverage would have a lifetime of 34.6 ps-about 3.5 times longer than in a disordered layer, even though the damping mechanism is the same in both cases. This dramatically illustrates the strong influence of adlayer structural order on the vibrational dynamics. The reason for this behavior is that the symmetry of an ordered overlayer provides additional selection rules restricting the phase space of substrate modes available for coupling. This disparity between ordered and disordered overlayers is more prominent for dilute overlayers than dense overlayers.
The above results for CO on Cu(100) at two very different coverages clearly imply that FT vibrational damping for this system is dominated by resonant coupling to substrate phonons. However, because metals also have lowlying electronic excitations, it is important to consider this decay channel for FT vibrations, as well. Several previous experimental and theoretical investigations concluded that FT vibrations are (comparatively) weakly coupled to substrate electronic excitations for CO on Cu(100) [19] [20] [21] , with estimated lifetimes due to this mechanism in the range 40-110 ps. Germer et al., on the other hand, find that their pump-probe measurements on the half monolayer system are consistent with a phenomenological twoheat-bath diffusion model in which the FT lifetime due to electronic coupling is about 5 ps [10] . However, this value is obtained rather indirectly.
We have presented a unified theory for the vibrational relaxation dynamics due to indirect coupling of adsorbate motions through their coupling to an anisotropic elastic medium. We find that the theory for an isolated adsorbate does not correctly describe the vibrational dynamics and that the correlated collective motion in the adlayer must be included to properly describe the vibrational relaxation.
Including these effects, the predicted vibrational lifetimes are in good quantitative agreement with experiment regardless of the nature of the overlayer structure, thereby demonstrating the validity of the theory and showing that elastic coupling inevitably dominates the low-frequency dynamics of an adlayer for situations of experimental interest.
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